The shot noise of the current I through junctions to single trioxatriangulenium cations (TOTA + ) on Au (111) is measured with a low temperature scanning tunneling microscope using Au tips. The noise is significantly reduced compared to the Poisson noise power of 2eI and varies linearly with the junction conductance. The data are consistent with electron transmission through a single spindegenerate transport channel and show that TOTA + in a Au contact does not acquire an unpaired electron. Ab initio calculations reproduce the observations and show that the current involves the lowest unoccupied orbital of the molecule and tip states close to the Fermi level.
I. INTRODUCTION
The shot noise of electrical current may be used to extract information on the transport process that is not available from the conductance alone as demonstrated on mesoscopic structures 1 . Some data are also available from atomic junctions [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . As to molecules, a few systems have so far been experimentally investigated with mechanically controlled breakjunctions. From D 2 16 , benzene 17 , and H 2 O 18 , an inelastic contribution to the conductance was reported. For D 2 19 , vanadocene 20 and C 6 H 4 S 2 21 , insight into the conducting quantum states was obtained. High-frequency (sub-PHz) noise from C 60 junctions was interpreted in terms of transient charging of the molecule 22 . Here, we discuss experimental and theoretical results for trioxatriangulenium (TOTA + , C 19 H 9 O 3 , Fig. 1a ), an aromatic cation, adsorbed to Au(111). In solution, TOTA is planar and evolves to a bowl shape when a functional unit is binding to its central carbon atom 23, 24 . TOTA is used as a platform for molecular wires to enable reproducible conductance measurements in a lowtemperature scanning tunneling microscope (STM) 25, 26 . It is conceivable that the molecule becomes neutral on a metal surface and therefore may contain an unpaired electron. When contacted with a Au atom at a STM tip, TOTA on the Au(111) surface exhibits a high conductance of ≈ 0.4 G 0 , where G 0 = 2e 2 /h. With the help of transport calculations we assign this conductance, which is fairly large for an organic molecule, to the electron transport through a single transmission channel that is derived from the lowest unoccupied molecular orbital (LUMO) of the molecule on the surface. In contact, where a Au-C bond is formed, the LUMO state strongly hybridizes with tip states. Moreover, we present shot noise data that exclude significant spin-polarisation of the transport through this resonance. The calculated shot noise matches the experimental data, which further excludes the possibility that TOTA is a radical when contacted with Au electrodes. 
II. EXPERIMENTAL DETAILS
All experiments were carried out in ultra-high vacuum (UHV). We used a custom made low-temperature STM operated at 4.5 K. A Au(111) substrate was cleaned by cycles of Ar sputtering and annealing. Submonolayer coverages of TOTA were obtained by sublimation onto the sample at ambient temperature from a Knudsen cell with the salt TOTA + BF − 4 . We also prepared TOTA molecules by dissociating adsorbed methyl-TOTA molecules with the help of current pulses. The results reported below were identical for both methods of preparation. Further details on the preparation may be found in Ref. 27 . Low coverages were used to en-able tip preparation on clean substrate areas. Tips from electrochemically etched W wire were prepared in UHV by annealing and indentation into the Au crystal. The tips are thus coated with gold as verified by depositing single Au atoms from the tip. We made sure that the measurements on molecules did not change the tips. We used the setup described in Ref.
14 to measure the noise of the current. Once a molecular contact was prepared, the conventional STM control electronics was disconnected and current was driven through the junction and two series resistors with a battery-powered circuit. The voltage noise signal at the junction was amplified and cross-correlated to reduce the effect of amplifier noise. This leads to a spectrum of the noise power density, which we evaluated in a frequency range from 50 to 200 kHz. Pink noise (1/f α ) and cable capacitances presently prevent useful measurements outside of this range. We only used the data if the conductance did not exhibit significant changes throughout the measurements at typically 9 current values. In addition to the noise, we also determined the DC voltage drop over the contact to calculate its conductance.
III. STM OF TOTA ON AU(111)
In constant-current STM images (Fig. 1b) , the molecule appears as a triangular protrusion, as expected owing to its threefold symmetry, with an apparent height of ≤ 2.2Å. TOTA adsorbs flat on metals and binds via its extended conjugated π system 27 . A map of the differential conductance dI/dV , that was recorded at constant height of the tip above the Au substrate using a sample voltage V = 0.6 V is displayed in Fig. 1c . Being related to the local density of states, this map reveals a resonance that is mainly located at the center of the molecule. A dI/dV spectrum recorded above the center of the molecule (Fig. 1d) shows that this resonance is fairly sharp and centered approximately 0.6 eV above the Fermi level.
IV. EXPERIMENTAL CONTACT CONDUCTANCE
An electrical contact to a TOTA molecule may be reproducibly formed by imaging with the STM, centering the tip above the molecule, disabling the current feedback, and then reducing the tip-molecule distance. For these measurements we used single molecules adsorbed to the elbows of the herring bone reconstruction because other single molecules tended to lead to instabilities of the junction. Besides this stability aspect we observed no significant differences between single molecules. In particular, the conductance data were essentially the same as long as stable contacts were formed. Figure 2 shows data that cover the tunneling range (small ∆z) to contact. Here we used the rapid rise of the conductance at ∆z ≈ 5.4Å as an indicator of contact formation. Right after contact has been reached, the conductance is ≈ 0.4 G 0 . It keeps increasing beyond this point, albeit with a reduced slope. It should be noted that the data shown in Fig. 2 were actually recorded both during the approach and the retraction of the tip. Moreover, the results of 7 repeated measurements are simultaneously presented. This makes obvious the absence of hysteresis and the reproducibility of the measurements. 
V. SHOT NOISE MEASUREMENTS
To measure spectra of the current noise as a function of the current, S(I), we used molecules adsorbed to the elbows of the herring bone reconstruction. The spectra were treated as follows. The noise is the sum of the excess noise ∆S and the thermal noise S θ = 4k B T G (T temperature, k B Boltzmann constant). ∆S = F [S 0 coth (S 0 /S θ ) − S θ ] is related to the Fano factor F and the temperature 14 . S 0 = 2eI is the Poisson noise. Noise data S(I) recorded at a number of different currents including I = 0 were fitted treating F and T as adjustable parameters. Figure 3 shows an example experimental data (dots) and the fit (line) obtained. As expected at large I, ∆S evolves linearly with the current I. We note that the temperature determined from the thermal noise S θ deviated less than 5 % from the temperature of the STM measured with a diode.
The Fano factors obtained for various junction conduc- tances are shown in Fig. 4 (red dots). The data were measured in the contact range with G varying between 0.4 and 0.8 G 0 , i. e. at tip displacements somewhat beyond the point of contact formation. For comparison, a dotted line shows the Fano factor expected in a model where a single, spin degenerate transport channel dominates the conductance. In this case, F = 1 − G/G 0 1 . Except for some scatter, the measurements are close to this line. As a simple model, we assume two spin-degenerate conductance channels with transmissions τ 1 and τ 2 . Using the relations G/G 0 = τ 1 +τ 2 and F = τ i (1 − τ i )/ τ i 1 we obtain the transmissions indicated by diamonds in Fig. 4 . The transmission of the second channel is at most a few percent.
VI. THEORETICAL METHODS
The conductance properties of the TOTA junction were also studied with density functional theory (DFT) 28 and nonequilibrium Green functions with 29, 30 following the same computational approach as used previously 25, 26 , taking into account dispersion interactions 31 . The supercell (Fig. 5a ) contained a single TOTA molecule adsorbed on a 10-layer Au(111) slab with 6 × 6 periodicity. On the reverse side of the slab a 10-atom Au(111) tetrahedron was mounted to represent the STM tip apex. The molecule, tip, and surface layer atom coordinates were relaxed until residual forces were smaller than 0.04 eV/Å (64 pN). Projected density of states (PDOS) onto the the molecule and the tip and energy-resolved transmission T (E) were computed as averages · · · k over the transverse Brillouin zone on a 21 × 21 k-grid. The Fano factor was computed with periodic boundary conditions from the transmissions τ i at the Fermi energy as discussed in the Supplementary Information to Ref.
14 , the k-point sampling, which is necessary because periodic boundary conditions are used in the calculations, leads to a slight deviation (reduction) of the Fano factor from the value expected for a single junction.
VII. CALCULATED CONDUCTANCES AND FANO FACTORS
Tunneling through the TOTA molecule is dominated by the LUMO resonance close to the Fermi level (dashed blue curve in Fig. 5b ). Its calculated energy is slightly lower than the peak energy of the experimental dI/dV data (Fig. 1c) as expected in DFT calculations, which tend to underestimate HOMO-LUMO gaps 34 . In the contact regime, when the apex Au atom binds to the center carbon atom, this LUMO state strongly hybridizes with the tip states -drastically changing the spectrumand electron transport proceeds through these hybridized tip-molecule states (Fig. 5c) .
Around the Fermi energy we find that the TOTA junction is clearly dominated by a single conductance channel. Thus, the channel transmissions τ 1 and τ 2 can easily be calculated as averages over all k-points (blue and grey diamonds in Fig. 5d ). The computed Fano factors (red dots in Fig. 5d ) closely follow the single-channel result.
VIII. DISCUSSION
The match of the calculated transmissions and Fano factors with the experimental results is remarkably good. The conductance of the Au-TOTA juctions may therefore safely be assigned to a single transport channel. According to the calculations this eigenchannel exhibits σ symmetry. π-type channels contribute but a few percent of the conductance. First, the Au atom at the tip apex with its predominant s-character induces a degree of orbital filtering. Second, the LUMO state (dashed blue curve in Fig. 5b) around the central C atom of TOTA is dominated by the p z orbital. Upon formation of the Au-C bond, the dominant channel remains of σ-type. Consequently, the higher angular momentum conductance channels are suppressed. Indeed, calculations show that an electron wave incoming from the substrate side in the second (π-type) eigenchannel at E F is already reflected at the substrate-molecule interface. The conductance and noise data recorded in the contact range show that the electron transmission is spin-degenerate. TOTA + has no unpaired electrons in the gas phase and the contact with two Au electrodes (tip and sample) does not appear to change this state of affairs. In agreement with this interpretation, spectra of the differential conductance near the Fermi level recorded at contact (not shown) are featureless. Possible indications of a localized spin, e. g. via the Kondo effect or spin excitations, are not observed from the molecular contacts.
IX. SUMMARY
Using trioxatriangulenium cations deposited on Au(111) we demonstrated that STM-based measurements of shot noise may be extended to contacts to largish molecules. The observed shot noise and conductance data are reproduced by transport calculations and reflect electron transport through a single, spin degenerate channel.
